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Ostreococcus tauriCytochrome b5 is a ubiquitous electron transport protein. The sequenced viral OtV-2 genome, which
infects Ostreococcus tauri, was predicted to encode a putative cytochrome b5 enzyme. Using puriﬁed
OtV-2 cytochrome b5 we conﬁrm this protein has identical spectral properties to puriﬁed human
cytochrome b5 and additionally that the viral enzyme can substitute for yeast cytochrome b5 in yeast
cytochrome P450 51 mediated sterol 14a-demethylation. The crystal structure of the OtV-2 cyto-
chrome b5 enzyme reveals a single domain, comprising four b sheets, four a helices and a haemmoi-
ety, which is similar to that found in larger eukaryotic cytochrome proteins. As a product of a
horizontal gene transfer event involving a subdomain of the host fumarate reductase-like protein,
OtV-2 cytochrome b5 appears to have diverged in function and is likely to have evolved an entirely
new role for the virus during infection. Indeed, lacking a hydrophobic C-terminal anchor, OtV-2
encodes the ﬁrst cytosolic cytochrome b5 characterised. The lack of requirement for membrane
attachment (in contrast to all other microsomal cytochrome b5s) may be a reﬂection of the small size
of the host cell, further emphasizes the unique nature of this virus gene product and draws attention
to the potential importance of cytochrome b5 metabolic activity at the extremes of cellular scale.
Structured summary of protein interactions:
OtV-2_201 and OtV-2_201 bind by X-ray crystallography (View interaction)
 2013 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction enzymatic functions attributed to the b5 enzyme. SelectedCytochrome b5, originally detected in the larvae of the silk-
worm Platysumia cecropia by Sanborn and Williams in 1950 [1],
is a ubiquitous electron transport protein found in animals, plants,
fungi and purple photosynthetic bacteria [2]. Topologically, cyto-
chrome b5 exists in two forms: as a soluble enzyme in bacteria,
where it functions in photosynthetic energy production [3], and
also in various animal tissues and in erythrocytes, where it reduces
haemoglobin [4]. However, in the mitochondria and the endoplas-
mic reticulum, cytochromes b5 are membrane bound enzymes.
Although no known function(s) has been attributed to cytochrome
b5 enzymes in the mitochondria [5], in microsomal systems
cytochromes b5 have been extensively characterised with manyexamples of microsomal cytochrome b5 functions include roles
in fatty acid biosynthesis by donating electrons which it receives
from NADH cytochrome b5 reductase to fatty acid desaturase
enzymes (D9-, D6-, D5- and D12-desaturases) [6]; cholesterol
biosynthesis by providing reducing equivalents to the enzymes
4-methyl sterol oxidase and lathosterol D5-desaturase [7]; and
reduction of cytochromes P450 enzymes where cytochrome b5
has been shown to be able to stimulate, inhibit, or have no effect
on P450 substrate metabolism [8,50].
Ostreococcus tauri is the smallest free-living eukaryote de-
scribed to date, with a size of less than 1 lm [9]. O. tauri cells con-
tain a single nucleus, chloroplast, mitochondrion, Golgi body and a
reduced cytoplasmic compartment [10]. Thought to be fundamen-
tal to its global success as an abundant primary producer, the
Ostreococcus genus includes distinct genotypes that are physiolog-
ically adapted to high-or low-light environments, providing
evidence of niche adaptation in eukaryotic picophytoplankton
[11,12]. Strains of O. tauri isolated in geographically different loca-
tions and depths display genetic and physiological (light-limited
growth rates) differences [11,13]. Growth rates of deep-sea
Table 1
Summary of data processing and model reﬁning statistics.
Space group P212121
Unit cell parameters (Å) a = 45.6, b = 58.4,
c = 126.8
Wavelength (Å) 0.9763
Resolution range (Å) 45–1.95 (2.06–
1.95)a
Completeness (%) 99.7 (100)a
Temperature 100 K
Multiplicity 5.7
I/r 8.2 (2.0)a
Rsym
b 0.129 (0.896)a
Wilson B factor (Å2) 37.2
Rcryst
c 0.194 (0.26)a
Rfree 0.252 (0.32)a
RMSD bond lengths (Å) 0.010 (0.020)d
RMSD bond angles () 3.28 (2.09)d
Average B factor
Protein (Å2) 33.1
Solvent (Å2) 38.1
Ligand (Å2) 41.5
% of residues in most favoured regions of
Ramachandran plot
91.0
% of residues in disallowed regions and generously
allowed regions of Ramachandran plot
0
Wilson B-factor was estimated by SFCHECK [45]. Ramachandran plot analysis was
performed by PROCHECK [46].
a Values in parentheses are given for the outer resolution shell.
b Rmerge ¼
P
h
P
J j < Ih > IJðhÞj=
P
h
P
J IðhÞ, where I(h) is the intensity of reﬂec-
tion h.
P
h is the sum over all reﬂections and
P
J is the sum over J measurements of
the reﬂection.
c Rcryst ¼
P kFo j  jFck=
P jFoj.
d Target values are given within parenthesis.
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sities (and are thus commonly referred to as low-light-adapted
strains), while strains isolated from surface waters (high-light)
have slow growth rates at low-light intensities.
Viruses also inﬂuence the biogeochemistry and productivity of
the oceans as nutrients are shunted between the particulate and
dissolved phases [14,15]. Recently, viruses have been isolated that
are capable of infecting high-light and low-light adapted strains of
O. tauri. Whole genomic sequencing revealed a similar composition
between both high-light (OtV-1 and OsV5) and low-light (OtV-2)
infecting virus strains [16–18]. Crucially, OtV-2 differed from its
high-light strain infecting counterparts by encoding a potential
cytochrome b5 (OtV-2_201, NC_014789), a gene found throughout
the domains of life [18]. The role of cytochrome b5 as a ubiquitous
electron transport carrier and its potentially fundamental role dur-
ing the infection of a low-light niche adapted strain of O. tauri by a
low-light-infecting strain of OtV is difﬁcult to ignore, given the
energetic implications of dealing with vastly different light re-
gimes. To this end the protein product of OtV-2_201, predicted to
be the ﬁrst virally encoded cytochrome b5 enzyme, was character-
ised and its three-dimensional structure resolved.
2. Materials and methods
2.1. Cloning, heterologous expression and puriﬁcation of OtV-2_201
The OtV-2_201 gene was generated by DNA2.0 (Menlo Park, CA,
USA) and gene integrity conﬁrmed by DNA sequencing. A unique
NdeI restriction site was generated prior to the ATG start codon
and a HindIII site following the TGA stop codon to facilitate cloning
into the Escherichia coli expression plasmid, pET17b. Additionally, a
polyhistidine tag, to allow puriﬁcation of the expressed protein by
Ni2+-NTA afﬁnity chromatography, was engineered into the C-ter-
minus of the protein. OtV-2_201 was expressed and puriﬁed using
similar conditions described for P450 haemoproteins [19,20].
Brieﬂy, transformed cells were cultured overnight in Luria Bertani
broth containing 100 lg/ml ampicillin. After inoculation (1:100) in
3 l of Terriﬁc Broth containing 100 lg/ml ampicillin, growth was
carried out at 37 C and 250 rpm for 6 h. Following the addition
of 1 mM aminolevulinic acid for haem synthesis, cytochrome b5
expression was induced by the addition of 1 mM isopropyl-b-D-
thiogalactopyranoside. Cell growth was continued for an additional
24 h at 27 C and 190 rpm. Cells were harvested by centrifugation,
resuspended in 250 mM sucrose, 50 mM Tris–HCl, pH 7.4 and dis-
rupted by sonication. The insoluble cell debris was removed by
centrifugation at 12000g and the supernatant applied to a 5 ml
nickel afﬁnity chromatography column (HisTrap FF, GE Healthcare)
pre-equilibrated with 50 mM Tris–HCl, 100 mM NaCl, 20 mM
imidazole, pH 7.4. Unbound protein was removed with further
washes, and the His-tagged protein eluted in a single step with
50 mM Tris–HCl, 100 mM NaCl, 500 mM imidazole, pH 7.4. The
eluted protein was concentrated to 2 ml using a 3 kDa molecular
weight cut off Vivaspin centrifugal concentrator (Vivascience
Ltd.). The concentrated protein sample was then applied to a
120 ml gel ﬁltration chromatography column (Superdex 75 Hiload
16/60, Pharmacia) pre-equilibrated with 20 mM Tris–HCl, 100 mM
NaCl, pH 7.0. The protein was eluted over one column volume of
50 mM Tris–HCl, 100 mM NaCl, 500 mM imidazole, pH 7.4. Protein
purity was determined by SDS–PAGE using a 15% gel [21]. The
puriﬁed protein was concentrated to 15 mg ml1.b5
2.2. Reconstitution of yeast CYP51 activity with yeast NADH
cytochrome b5 reductase and yeast cytochrome b5 or viral OtV-2_201
Reaction mixtures contained 100 pmol puriﬁed Candida albicans
CYP51 and the indicated reductase system at following concentra-tions: (i) 1 nmol Saccharomyces cerevisiae NADPH cytochrome P450
reductase; (ii) 100 pmol S. cerevisiae NADH cytochrome b5 reduc-
tase and 500 pmol S. cerevisiae cytochrome b5; (iii) 100 pmol S.
cerevisiae NADH cytochrome b5 reductase and 500 pmol OtV-
2_201. After addition of lanosterol (20 nmol) and the enzymatic
reaction components, either NADPH or NADH was added at a ﬁnal
concentration of 1 mM to initiate the reaction [22]. Reactions were
incubated at 37  C for 30 min with shaking at 150 rpm and then
terminated following the addition of ethyl acetate. Substrate and
metabolite were extracted and analysed by gas chromatography/
mass spectroscopy (GC/MS) as described previously [22].
2.3. Crystallisation, data collection and structure determination
of OtV-2_201
Crystallisation was carried out by the microbatch method using
an Oryx 8 robot (Douglas Instruments) at 18 C, using PactPremier
and JSCG plus screens (Molecular Dimensions). The best crystals
grew from 2 M ammonium sulphate, 0.1 M sodium acetate pH 4.6.
Data were collected at 100 K using the I03 beamline at Diamond
Light Source (UK) using an ADSCQ315r detector (Table 1). The cryo-
protectant consisted of 20 mM Tris–HCl, 100 mMNaCl, 100 mM so-
dium acetate, pH 4.6, 2.6 M ammonium sulphate, 30% glycerol. Data
were processed using MOSFLM through the XIA2 pipeline [23,24].
The structure was solved by molecular replacement (MOLREP,
[25]) using the cytochrome b5 from Musca domestica as a model
(PDB code 2IBJ, [26]) which shares 35% amino acid identity.
2.4. General methods
Cytochrome b5 content was quantiﬁed from the reduced versus
oxidized difference spectrum of puriﬁed protein using a differen-
tial absorption coefﬁcient D424–409 of 185 mM1 cm1 [27]. C. albi-
cans CYP51 and S. cerevisiae NADPH cytochrome P450 reductase,
NADH cytochrome b5 reductase and cytochrome b5 were puriﬁed
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tiﬁed by reduced carbon monoxide (CO) difference spectra using
an absorption coefﬁcient D450–490 of 91 mM1 cm1 [27] and
P450 reductase content quantiﬁed by measuring cytochrome c
reduction and an absorption coefﬁcient of 21 mM1 cm1 [29]. Un-
less otherwise stated all chemicals were supplied by Sigma Chem-
ical Company (Poole, Dorset, United Kingdom). UV–visible
absorption spectra of puriﬁed proteins were recorded using a
Hitachi U-3310 scanning spectrophotometer.
3. Results and discussion
3.1. Bioinformatic and genomic analysis of OtV-2_201
BLASTP analysis of OtV-2_201 against the public databases re-
sulted in the best matches to predicted cytochrome b5 proteins
from the closely related, and recently sequenced, Ostreococcus luci-
marinus viruses (identical sequence, E value <e56) and the cyto-
chrome b5 domain containing proteins from Micromonas pusilla
(2e36), O. lucimarinus (3e36) and O. tauri (4e34), suggesting this
gene is a product of horizontal gene transfer. The only other iden-
tiﬁcation of a putative cytochrome b5 gene in viruses is within the
Mimiviridae family [30]. An adjacent gene (OtV-2_202) on the OtV-2
genome encodes a host-like RNA polymerase sigma factor, provid-
ing further evidence for the transfer of material between host and
virus at this genomic locus. The putative 91 amino acid OtV-2_201
sequence aligns with the C-terminal cytochrome b5 haem binding
domain of the 614 amino acid host O. tauri fumarate reductase-like
protein (Ot13g01520), but lacks the N-terminal 500 amino acid
FAD binding domain and a short 18 amino acid section of the haem
binding domain (Fig. 1). Both proteins share the characteristic
cytochrome b5 motif His-Pro-Gly-Gly [3] and are likely to share a
recent common history.
3.2. Heterologous expression, puriﬁcation and comparative spectral
analysis of OtV-2_201 with human cytochrome b5
Heterologous expression of histidine-tagged OtV-2_201 in
E. coli and puriﬁcation using nickel afﬁnity chromatography
yielded an average of 4–5 mg of puriﬁed protein per litre of culture.
Cell fractionation revealed OtV-2_201 to be a soluble protein being
located in the cytosolic fraction following ultracentrifugation at
100000g. No cytochrome b5 haemoprotein was detected in the
isolated E. coli membranes. After two consecutive Ni2+-afﬁnity
chromatography puriﬁcation steps a homogeneous band wasFig. 1. Protein sequence alignment of the OtV-2 cytochrome b5, the C-terminal doma
ﬂavocytochrome b2 domain (Cyb2p_Ss, residues 86–170) and the M. domestica cytochr
totally conserved between all of the proteins and those in open boxes are conservative am
b5 and the M. domestica cytochrome b5 are indicated above and below the sequences,
histidine residues are marked by a black triangle and the conserved hydrophobic residuobserved on sodium dodecyl suphate–polyacrylamide gel electro-
phoresis (SDS–PAGE) at approximately 12 kDa compared with
the predicted molecular mass of the protein (10.4 kDa). A speciﬁc
content of 62 nmol cytochrome b5 per mg of protein was deter-
mined. The absorbance spectra of oxidized and reduced recombi-
nant OtV-2_201 protein (Fig. 2) shows maxima at 413, 530, and
569 nm in the oxidized form and at 424, 528, and 558 nm in the re-
duced form. The spectra generated for OtV-2_201 was similar with
those produced for puriﬁed human cytochrome b5 (Fig. 2) with
maxima at 413, 544, and 565 nm in the oxidized form and at
424, 526, and 559 nm in the reduced form were observed. Further,
these spectral characteristics are typical of puriﬁed cytochromes
b5 from other organisms described in the literature [31–33].
3.3. Catalytic activity studies on CYP51 mediated sterol 14a-
demethylation using yeast cytochrome b5 or OtV-2_201
Previously it was shown that puriﬁed yeast cytochrome b5 and
NADH cytochrome b5 reductase can wholly and efﬁciently support
cytochrome P450 (CYP51)-mediated sterol 14a-demethylation
both in vitro and in vivo [28]. To investigate if OtV-2_201 is func-
tionally active and behaves as a cytochrome b5, we reconstituted C.
albicans CYP51 enzymatic activity and replaced yeast cytochrome
b5 in the yeast cytochrome b5/NADH cytochrome b5 reductase sys-
tem with the viral cytochrome b5 protein. A reconstituted system
containing CYP51, OtV-201 and NADH cytochrome b5 reductase
could catalyse 14a-demethylation of lanosterol to 4,40-dimethyl
cholesta-8,14,24-triene-3b-ol. Turnovers numbers were compara-
ble utilizing endogenous yeast cytochrome b5 or OtV-2_201
(2 nmol product formed/min/nmol CYP51). However, in both in-
stances, the cytochrome b5 (OtV-2_201)/NADH cytochrome b5
reductase systems were less catalytically efﬁcient than when
NADPH cytochrome P450 reductase (CPR) alone was used as the
reductase partner (turnover levels >10 nmol product formed/min/
nmol CYP51 were obtained).
3.4. Resolution of the crystal structure of OtV-2_201 with other
cytochromes b5
The structure was reﬁned using REFMAC5 [34], and model
building and solvent addition was performed in COOT [35]. A
REFMAC estimation of rms coordinate error for well-deﬁned parts
of the structure is 0.18 Å. Structurally, there are four molecules of
the cytochrome within the asymmetric unit. Of the four subunits,
the clearest deﬁned density was seen for subunit B enabling allin of the full length O. tauri orthologue Ot13g01520, the Saccharomyces cerevisiae
ome b5 (Cyb5_Md) (Produced using ESPript, [47]). The boxed shaded residues are
ino acid substitutions. The secondary structural elements of the OtV-2 cytochrome
respectively, as a-helices, g-310 helices and b strands. The haem iron coordinating
es involved in porphyrin ring binding are marked by an asterisk.
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shape with approximate dimensions of 33  26  26 Å. The 91
amino acid polypeptide chain is folded into a single domain and
was determined by DSSP to comprise four b-sheets and four a-heli-
ces (Figs. 1 and 3). The haem binds to a hydrophobic pocket, similar
to other cytochrome b5 proteins (Fig. 3). The haem iron is six coor-
dinated, where the ﬁfth and sixth ligands are His48 and His71. The
electron density suggests that each subunit contains both the ma-
jor and minor orientation of the haem, which differ by a 180 rota-
tion about an axis deﬁned by the a- and c-meso carbons, as was
previously observed in cytochrome b5 fromMusca domestica. How-
ever only the best ﬁtting orientation of haem was modelled into
each of the subunits of the OtV-2_201 protein described here,
due to limited resolution of the data.
Structurally, the OtV-2 cytochrome b5 is most similar to the N-
terminus domain of yeast ﬂavocytochrome b2 (PDB 3KS0, [36]).
The two proteins can be superimposed over 76 residues with aFig. 2. Absorbance spectra of puriﬁed recombinant human cytochrome b5 and OtV-2_201
b5. (B) Oxidised and sodium dithionite reduced forms obtained for the viral cytochromerms deviation of their Ca positions of 0.7 Å. In comparison, cyto-
chromes b5 from OtV-2 and from M. domestica can be superim-
posed with a rms deviation of 1.1 Å for their Ca positions over
69 residues. The cut-off distance of 3.5 Å was used in these calcu-
lations. In both the yeast ﬂavocytochrome b2 and OtV-2 cyto-
chrome b5, the haem is located in a similar orientation, with
both haem proprionate groups accessible for potential electron
transfer. The ﬂavocytochrome c3 from Shewanella frigidimarina
has a high amino acid sequence identity (32%) to the algal host
fumarate reductase. However the protein for which the structure
has been reported (1QO8, [37]) does not contain the C-terminal
b5 domain making structural comparisons with the OtV-2 cyto-
chrome b5 impossible.
The structure of the OtV-2 cytochrome b5 described in this pa-
per is similar to b5 domains found in larger proteins with respect
to the C-terminal side of the haem pocket, which has both propio-
nate groups exposed. In comparison, the cytochrome b5 from the. (A) Oxidised and sodium dithionite reduced forms obtained for human cytochrome
b5 homologue, OtV-2_201.
Fig. 3. A structural representation of the OtV-2 cytochrome b5 (OtV-2_201) protein
shown as a ribbon diagram. The secondary structure elements are shown as
indicated in Fig. 1. The long helix g3 is labelled as 310. Helices are shown in purple
and b-strands in red. The haem is shown as a stick model. The image was generated
using CCP4 mg [48].
Fig. 5. The electrostatic surface potential of the viral OtV-2 cytochrome b5 subunit
viewed from the outside towards the haem site. The positive charge is shown in
blue and negative charge in red. The hydrophobic surrounding of the haem carboxyl
groups and the charge distribution on the periphery of the protein could provide a
recognition pattern for an electron acceptor protein. The image was generated using
CCP4 mg [48].
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their C-terminal haem pocket both having one haem propionate
group involved in H-bonding interactions. When the Ca backbones
of the cytochrome b5 fromM. domestica and the OtV-2 cytochrome
b5 are overlaid these differences can be clearly seen (Fig. 4). On one
side of the haem, which is co-ordinated by the C-terminal His71,
the structures vary and on the other side of the haem the struc-
tures overlay.
The surface charge distribution of the OtV-2 cytochrome b5 is
shown in Fig. 5. The hydrophobic region surrounding the haem car-
boxyl groups and the charge distribution on the periphery of the
protein could provide a recognition site for interaction of the
OtV-2 cytochrome b5 with an electron transfer partner protein
such as a cytochrome b5 reductase. This could be the same partner
that the host fumarate reductase-like protein interacts with.
As a product of HGT from the host genome, the ‘missing’ 18
amino acids of the haem binding domain lost in the viral b5, whichC
C
N
N
Ser64
Fig. 4. A stereodiagram showing the comparison of the soluble region of cytochrome b5 fr
as the Ca backbones in a worm representation. The haem group in each protein is shown
is shown H bonded to one of the propionate groups of its haem. Differences in the ma
forefront of the ﬁgure. The image was generated using Bobscript [49].are found within the b5 domain of the host fumarate reductase-like
protein, suggests a further divergence in function. The 18 amino acid
tract is rich in Ala (8/18) and has 3 consecutive Gly residues which
could provide a ﬂexible spacer region between functional domains
[38]. The lack of a reductase domain, suggests the viral gene product
has becomeabonaﬁde cytochromeb5 in its ownright (andnot just a
roguedomain froma larger protein) andhas evolved an entirelynew
role for the virus during infection. Indeed, unlike all characterised
cytochrome b5s to date, OtV-2 cytochrome b5 does not appear toC
C
N
N
Ser64
omM. domestica ﬂy (in green) with the viral OtV-2 cytochrome b5 (in red) displayed
as a stick model with the iron shown as grey sphere. The Ser64 of the ﬂy cytochrome
in chain trace after the second haem iron coordinating histidine are shown at the
3638 E.L. Reid et al. / FEBS Letters 587 (2013) 3633–3639contain a hydrophobic C-terminal anchor [39–41], making it poten-
tially the ﬁrst conﬁrmed cytosolic cytochrome b5, rather than a sub-
domainof a larger non-membraneanchoredprotein [51]. The lack of
requirement for membrane attachment of the viral protein (in con-
trast to all othermicrosomal cytochrome b5s) may be a reﬂection of
thesmall sizeof thehost cell, and furtheremphasizes theuniquenat-
ure of this virus gene product.
4. Conclusions
In recent years, the identiﬁcation of cytochrome b5 genes with-
in virus genomes has become increasingly common within the nu-
cleo-cytoplasmic large DNA virus (NCLDV) family. In addition to
OtV-2 and the closely related O. lucimarinus viruses, cytochrome
b5 can also be found within the Mimiviridae, in the giant genomes
of the Mimivirus, Mamavirus, Megavirus and Moumou virus
[30,42–44]. Although part of the same virus family, theMimiviridae
genes are not homologous with the Ostreoccocus virus genes and
appear to have been acquired by HGT separately. The relevance
of this is uncertain, indeed it is perplexing that the world’s largest
viruses harbor a gene which has so far only be found in the viruses
infecting the world’s smallest eukaryote, suggesting an important
metabolic role for cytochrome b5 at the extremes of the cellular
scale. The nature and role of the binding partner(s) for the OtV-2
cytochrome b5, which could potentially be host or viral in origin,
is currently under investigation and could provide vital clues to
niche adaptation and replication strategy of this, and other, al-
gae-virus systems.
The atomic co-ordinates and structure factors for the OtV-2
cytochrome b5 protein have been deposited in the PDB with acces-
sion code 4B8N.
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